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EXECUTIVE SUMMARY 
This report describes the Consortium for Advanced Simulation of Light 

Water Reactors (CASL) work conducted for completion of the Thermal 
Hydraulics Methods (THM) Level 3 milestone THM.CFD.P13.03: High Fidelity 
BWR Fuel Simulations. 

High fidelity computational fluid dynamics (CFD) simulation for Boiling 
Water Reactor (BWR) was conducted to investigate the applicability and 
robustness performance of BWR closures. As a preliminary study, CFD model 
with simplified ferrule spacer grid geometry of NUPEC BWR Full-size Fine-
mesh Bundle Test (BFBT) benchmark has been implemented. Performance of 
multiphase segregated solver with baseline boiling closures has been evaluated. 
Although the mean values of void fraction and exit quality of CFD result for 
BFBT case 4101-61 well agreed with an experimental data, the local void 
distribution was not predicted accurately.  

The mesh quality was one of the critical factors to obtain converged result of 
BWR simulation. The stability and robustness of the simulation was affected by 
both mesh quality and two-phase boiling closures. In addition, the CFD modeling 
of fully-detailed spacer grid geometry with mixing vane would be necessary for 
improving the accuracy of CFD simulation in predicting local void distribution. 
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1. Introduction 
 

The objectives of this milestone are to implement and assess the applicability and robustness 
performance of the baseline BWR closure models with BWR fuel assembly geometry. The preliminary 
Best Practice Guidelines (BPG) based on initial experience with baseline closure models was briefly 
examined. The milestone required completion of the following tasks: 

 Identify the representative BWR fuel assembly geometrical details 

 Construct a full detail computational fluid dynamics (CFD) model  

 Describe and implement the BWR baseline closure models 

 Assess BWR closure model performance of full detail validation case. 

 Preliminary Best Practice Guidelines  

 Submission of this report 

 

Test assembly type 4 with ferrule spacer grid of The NUPEC BWR Full-size Fine-mesh Bundle Test 
(BFBT) benchmark [1] was selected as BWR fuel assembly geometry for this milestone. The details of 
tasks mentioned above are discussed in Section 2, and a summary is given in Section 4. 

 

2. Milestone Accomplishments 
 

The international OECD/NRC BWR Full-size Fine Mesh Bundle Tests (BFBT) benchmark had 
conducted to provide the experimental data to assess the accuracy of thermal-hydraulic models for two-
phase flows in BWR fuel assembly.  In this milestone, a detailed CFD model was constructed based on 
the geometry of 8×8 high burn-up bundle with ferrule spacer grids (assembly type 4). The BFBT 8×8 
high burn-up bundle consists of single water rod in the middle of the assembly and 60 heated rods. The 
geometric parameters of fuel assembly type 4 are given in Table 1.  

The uncertainty in the BFBT fuel assembly geometry had reported in the literatures [1, 2]. As shown 
in Fig. 1 [1], the rod pitch was 15.5 mm and the gap thickness between the spacer and rod was 1.0 mm. 
The thickness of the spacers reported in this schematic was 0.75 mm. However, according to the ferrule 
spacer dimensions provided by TEPSYS [1], the rod pitch, rod outer diameters were 15 mm and 12 mm, 
respectively. Neykov [2] modified the spacer geometry in his numerical study. As shown in Fig. 2, the 
rod pitch and outer diameter in his model were 16.2 mm and 12.3 mm, respectively.  

In this study, the CFD model was developed based on the spacer grid geometry constructed by 
Neykov [2]. Simplified spacer grid geometry was employed as shown in Fig. 3. Dimples and straps of 
original spacer grid were not included in this model. To prevent poor quality mesh of the sharp gap at the 
contact point between the spacers, the contact region was modified. The flow area due to this 
modification was less than 0.1 %.  

Figure 3 shows the geometry and mesh structure of CFD model. The solid domain for spacer grid was 
implemented in this model to account for the heat conduction through the spacer grid. In total, 21.6 
million hexahedral meshes were used in this CFD model. The mesh quality in two-phase flow boiling 
simulation had significant influence on the stability and robustness of the simulation. The poor quality 
mesh structure should be avoided because the simulation was crashed due to too high or low temperature 
calculated at the poor cell. The point contact or line contact in CFD model results in very poor quality 
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mesh around those contacts. Consequently, the mesh structure for fuel assembly geometry should be 
constructed appropriately to avoid having the involuntary geometric features. Replacing point contact or 
line contact in geometry with an approximated surface contact could be a good solution to improve mesh 
quality. Figure 4 shows the mesh quality at the cross-section of the computational domain. The minimum 
mesh quality of this model was 0.367 and the volume-averaged mesh quality of solid and fluid domains 
were 0.997 and 0.975, respectively. 

The boundary conditions of CFD model were implemented from the test conditions of BFBT test 
4101-61. The uniform axial power and non-uniform radial power distribution were specified as shown in 
Fig. 5. Total power of the BFBT test 4101-61 case was 6.48 MW. The inlet mass flow rate was 15.28 kg/s. 
The inlet velocity profile was specified from the velocity profile at the outlet of single-phase flow 
simulation. Single-phase CFD simulation without spacer grids was conducted to get the fully-developed 
velocity profile for two-phase flow simulation. Operating pressure was specified by 7.159 MPa. Inlet 
liquid and vapor temperatures were specified by 551.096 K and 560.538K, respectively. 

The multiphase segregated flow solver in STAR-CCM+ code [3] was employed to solve a set of 
conservation equations for each Eulerian phase. The conservation equations of mass, momentum and 
energy for generic phase i are given by: 

 

 Continuity equation 

     (1)  

where αi is the volume fraction of phase i, ρi is the density of phase i, χ is the void fraction, vi is the 
velocity of phase i, vg is the grid velocity, mij is the mass transfer rate to phase i from phase j (mij ≥ 0), mji 
is the mass transfer rate to phase j from phase i (mji ≥ 0) and  is the phase mass source term. The sum 
of the volume fractions is 1.0.  

 

 Momentum conservation equation 

  

 (2) 

where p is the pressure, assumed to be equal in both phases, g is the gravity vector, τi and τi
t is the 

molecular and turbulent stresses, respectively, Mi is the interphase momentum transfer per unit volume, 
(Fint)i represents internal forces, Si

v is the phase momentum source term, mij is the mass transfer rate from 
phase j to phase i and mji is the mass transfer rate from phase i to phase j. The interphase momentum 
transfer term (Mi) in Eqn. (2) includes contributions from the drag, virtual mass, lift and turbulent 
dispersion forces as follows: 

where Fij is the force per cell volume, on phase i, due to phase j. 

To solve the momentum conservation equation of multiphase flow, the constitutive models for drag 
force, virtual mass force, lift force and turbulent dispersion force in Eqn. (3) are required. The drag force 
is calculated as follows: 

                   (4) 

where aij is the interfacial area density which represents the projected area of the equivalent spherical 
particle, and CD is the drag coefficient. In this study, the drag coefficient was determined by combination 
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of Schiller-Naumann method [4] for bubbly flow (αg≤0.5) and empirical correlation [5] for mist flow 
(αg>0.5) as follows: 

           (5) 

The particle submerged in the flow would be accelerated due to the inertia of surrounding fluid and 
this effect can be represented as a “virtual mass” or “added mass” equal to a constant multiplied by the 
mass of fluid that the particle displaces. A two-phase formulation for the virtual mass force [6] is given by: 

                  (6) 

where vc and vd are the fluid velocity of continuous phase and dispersed phase, respectively, and the 
virtual mass coefficient for spherical particle(  is 0.5. 

The lift force perpendicular to the relative velocity due to the non-uniform or swirling two-phase flow 
field is determined as follows: 

                  (7) 

where ur is the relative velocity between the continuous phase and dispersed phase (uc−ud). Ohnuki- 
Akimoto correlation for the lift coefficient [7] was implemented in this study as follows: 

                     (8) 

                  (9) 

              (10) 

where Eo is  Eötvös number. 

Turbulent dispersion force is to account for the effect of turbulence in redistribution of non-
uniformities in phase concentration. The turbulent dispersion force term is given by: 

                   (11) 

where νc
t is the continuous phase turbulent kinematic viscosity, σα is the turbulent Prandtl number of the 

volume fraction. Constant turbulent Prandtl number of 0.9 was specified in this study.  

The fluid asymmetrically flowing around the bubble near a wall results in the force which prevents 
the bubbles from touching the wall. This force term is so-called “Wall Lubrication force.” The modified 
Antal model [8] based on flow topology map [9] for the wall lubrication force term is given by: 

                (12) 

           (13) 
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             (14) 

where yw is distance to the nearest wall and nw is the unit normal pointing away from the wall, model 
constants C1 and C2 are -0.01 and 0.05, respectively. The interphase surface topology map is used to 
determine the flow regime in conjunction with the local void fraction (α) and void fraction differential (γ). 
Figure XX shows the flow topology map. The values of αg,bc, αg,cm, γ1 and γ2 were specified by 0.3, 0.7, 
0.2 and 0.4, respectively. 

The realizable k-ε two-layer turbulent model with all y+ wall treatment was employed for both 
continuous phase and dispersed phase. Details of Realizable k-ε Two-layer turbulent model can be found 
in the literature [3]. To account for the bubble induced turbulence effect, Troskho-Hassan particle induced 
turbulence model [10] was employed.  

 

 Energy conservation equation 

  

          (15) 

where Ei is the total energy, Hi is the total enthalpy, Ti is the viscous stress tensor, αi, ρi and vi are the 
volume fraction, density and velocity of phase i, respectively, Ti is the temperature, keff,i is the effective 
thermal conductivity, fi is the body force vector, Qij is the interphase heat transfer rate to phase i from 
phase j, Qi

(ij) is the heat transfer rate to phase i from phase pair interface (ij), Su,i is the energy source, hi(Tij) 
is the phase i enthalpy that is evaluated at the interface temperature Tij. 

The effective thermal conductivity, keff is given by: 

                    (16) 

where ki is the thermal conductivity, μt,i is the turbulent viscosity, Cp,i is the specific heat and σt,i is the 
turbulent thermal diffusion Prandtl number. 

The relationship between the total energy (E) and total enthalpy (H) is given by: 

                      (17) 

where the total enthalpy is determined by: 

                      (18) 

and  

                 (19) 

where hi
REF is the heat of formation for phase i and Ti

REF is the standard state temperature.  

In the multiphase segregated flow solver of STAR-CCM+ code, the GEN-I boiling closure models 
were implemented [11]. In addition, the user-coded function and field function of STAR-CCM+ allow 
users to implement any other boiling closure models. In this work, the two-phase flow boiling models 
were implemented by using default GEN-I boiling closure models and user-coded field function. The 
two-phase flow boiling closure models implemented in this work was summarized in Table 2. 
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The interaction length scale is used to determine an effective mean diameter of the dispersed phase 
particles. In the two-phase flow, the interaction length scale represents the bubble diameter. In this test, 
Kurul-Podowski interaction length scale was employed as follows: 

                (20) 

where Dmin and Dmax are the minimum and maximum bubble diameters, respectively, with default values 
of 0.15 mm and 2.0 mm. ∆TD,min is liquid subcooling corresponding to the minimum bubble diameter with 
a default value of 13.5K and ∆TD,max is the liquid subcooling corresponding to the maximum bubble 
diameter with a default value of -5.0 K. 

Interaction area density specifies the interfacial area which is used to determine drag force, heat and 
mass transfer between each pair of phase. Spherical particle interaction area density was employed as 
follows: 

                       (21) 

When the vapor volume fraction adjacent to the wall becomes high enough so that the liquid access is 
restricted, the vapor heat transfer removes some fraction of the wall heat flux. The wall dryout area 
fraction is used to determine the heat flux by the vapor as follows: 

           (22) 

where  is the vapor contribution to the convective heat flux based on single-phase turbulent 
convection by the vapor and Kdry is the wall contact area fraction for the vapor. 

The wall contact area fraction (Kdry) is given by: 

             (23) 

where αδ is the vapor volume fraction averaged over the bubbly layer thickness, and αdry is the wall dryout 
breakpoint with a  default value of 0.9. 

The evaporative heat flux in Eqn. (22) is determined as follows: 

                   (24) 

where n” is the nucleation site number density, f is the bubble departure frequency, dw is the bubble 
departure diameter, ρg is the vapor phase density and hlg is the latent heat. 

The modified Lemmert-Chawla nucleation site number density model [12] was employed as follows: 

                    (25) 

where A and B are calibration constants with default values of 1.805 and 0.0, respectively,  is the 
reference nucleation site number density with a default value of 12366.44783 1/m2 and ∆T0 is the 
reference wall superheat with a default value of 25 K. 

Cole bubble departure frequency model [13] was employed as follows: 

                      (26) 

The Kocamustafaogullari bubble departure diameter [14] was employed as follows: 
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                   (27) 

Where d1 is a calibration constant with a default value of 1.5236×10-3 m/rad, θ is the wall contact angle 
with a default value of 0.722 rad, σ is the surface tension, ∆ρ is the difference in density between the 
liquid and gas phase, and ρg is the vapor phase density. 

The quenching heat flux in Eqn. (22) is determined as follows: 

                 (28) 

where hquench is the quenching heat transfer coefficient, Tw is the wall temperature and Tquench is the 
temperature at which liquid brought to the wall by the departure of a bubble. 

The Del Valle Kenning model [15] was used to determine the quenching heat transfer coefficient as 
follows: 

                  (29) 

where Kquench is the bubble influence wall area fraction, f is the bubble departure frequency, tw is the 
waiting time between the bubble departure and the nucleation of the next bubble. 

The Kurul-Podowski bubble influence wall area fraction model [16] was employed as follows: 

                    (30) 

where FA is the area coefficient for scaling between the nucleation site area density and the wall fraction 
the bubble-induced quenching influences with a default value of 2.0. 

The boiling mass transfer rate model is used to model the rate of bulk boiling or condensation 
between phases. For a dispersed phase, a constant Nusselt number was specified by 2.0. For a continuous 
phase, Chen and Mayinger condensation model [17] was implemented to determine the phase Nusselt 
number as follows: 

                   (31) 

where the Nusselt number and Reynolds numbers are defined in terms of the initial bubble diameter.  

The exit quality and sub-channel averaged void fraction distribution were analyzed to assess the 
capability of STAR-CCM+ code. Figure 7 shows the locations of sub-channels for the data analysis. The 
mean value of sub-channel averaged void fraction of experimental data was 80.64%. The CFD simulation 
result slightly overestimated the mean value of sub-channel averaged void fraction by 85.53%. The void 
fractions in the middle region of CFD result was relatively lower than those in the outer region as shown 
in Fig. 8. The void fractions in outer region were higher than inner region because the radial power in 
outer region was higher than the inner region. In addition the simplified spacer grid geometry without the 
mixing vane would have an influence on the local void distribution. Therefore, the flow mixing effect due 
to the mixing vane geometry need to be investigated in the future study. 

Figure 9 shows the deviation of the sub-channel averaged void fraction between the CFD result and 
experimental data. The maximum error in sub-channel averaged void fraction between the CFD result and 
experimental data was 20.38% at the outer corner of the BFBT fuel assembly. The mean value of 
deviation of void fraction was 4.89%. The thermal equilibrium quality at the outlet agreed with each other. 
The exit quality of CFD result was 26.26% which slightly overestimated the experimental data of 25%.  
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3. Summary 
 

High fidelity CFD simulation for BWR fuel assembly has been conducted with a multiphase 
segregated flow solver of STAR-CCM+ code. CFD model of BWR fuel assembly was modeled based on 
the NUPEC BFBT fuel assembly geometry. The baseline two-phase flow boiling closure models were 
implemented in this CFD model. The high quality hexahedral mesh was generated for the computational 
domain. The poor quality mesh structure had a significant influence on the stability and robustness of the 
simulation. It is noted that poor quality mesh resulted in the critical convergence issue of the simulation.  

Although the mean values of void fraction and thermal equilibrium quality by the CFD simulation 
agreed with the experimental data in this work, the CFD capability for predicting local void distribution 
was not sufficient. The full detailed modeling of mixing vane geometry seems to be necessary to improve 
the CFD result.  

This research was supported by the Consortium for Advanced Simulation of Light Water Reactor 
(www.casl.gov), an Energy Innovation hub (http://www.energy.gov/hubs) for Modeling and Simulation 
of Nuclear Reactors under U.S. Department of Energy Contract No. DE-AC05-00OR22725. 
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Table 1. Geometric parameters of test assembly type 4 
Parameters Data 
Simulated fuel assembly type High Burn-up 8×8 
Number of heated rods 60 
Heated rod outer diameter (mm) 12.3 
Heated rod pitch (mm) 16.2 
Axial heated length (mm) 3708 
Water rod outer diameter (mm) 34.0 
Channel box inner width (mm) 132.5 
Channel box corner radius (mm) 8.0 
In channel flow area (mm2) 9463 
Spacer type Ferrule 
Spacer location (distance from bottom of heated length 
to spacer bottom face) (mm) 

455, 967, 1479, 1991, 2503, 3015, 3527 

Radial power shape A 
Axial power shape Uniform 

 
Table 2. Two-phase flow boiling closure models 

Parameters Model 
Condensation-Fluid Chen-Mayinger 
Condensation-Vapor Nu = 2.0 
Bubble induced quenching temperature Wall Cell 
Bubble departure frequency Cole 
Bubble induced quenching heat transfer coefficient Del Valle Kenning (Wait coefficient: 0.8) 
Bubble influence wall area fraction Kurul-Podowski (Area coefficient: 2.0) 
Nucleation site number density Lemmert-Chawla 
Bubble departure diameter Kocamustafaogullari 
Interaction length scale Kurul-Podowski 
Interaction area density Spherical 
Lift force Ohnuki & Akimoto 
Drag force Schiller & Naumann + empirical correlation 
Turbulent dispersion Favre Averaged Drag Turbulent Pr = 0.9 
Virtual mass Auton (Spherical particle) 
Wall lubrication Modified Antal 
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Figure 1. Estimated grid dimensions for BFBT benchmark [1] 

 

 
Figure 2. Original and modified spacer geometry [2] 
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Figure 3. Schematics of geometry and mesh structure of CFD model (unit: mm) 

 

 
Figure 4. Mesh quality of the CFD model 
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Figure 5. Radial power shape of test assembly type 4 

 

 
Figure 6. Interphase surface topology map 

 

 
Figure 7. Locations for evaluating sub-channel averaged void fraction 
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(a)   CFD (αavg =85.53%) (b) Experiment (αavg =80.64%) 

Figure 8. Comparison of void fraction distribution (BFBT 4101-61) 

 

 
Figure 9. Deviation of sub-channel averaged void fraction (CFD vs. Experiment) 
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